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Aude Berbezier1 and Urs Aeberhard*1, a)
IEK5-Photovoltaik, Forschungszentrum Ju¨lich, 52425 Ju¨lich, Germany
In this work, a mesoscopic model based on the non-equilibrium Green’s function formalism for a tight-
binding-like effective Hamiltonian is used to investigate a selectively contacted quantum dot array designed for
operation as a single junction quantum dot solar cell. By establishing a direct relation between nanostructure
configuration and optoelectronic properties, the investigation reveals the influence of inter-dot and dot-contact
coupling strengths on the rates of charge carrier photogeneration, radiative recombination, and extraction
at contacts, and consequently on the ultimate performance of photovoltaic devices with finite quantum dot
arrays as the active medium. For long carrier lifetimes, the dominant configuration effects originate in the
dependence of the joint density of states on the inter-dot coupling in terms of band width and effective band
gap. In the low carrier lifetime regime, where recombination competes with carrier extraction, the extraction
efficiency shows a critical dependence on the dot-contact coupling.
PACS numbers: 72.20.Jv,72.40.+w,73.63.Kv,88.40.H-
I. INTRODUCTION
In a large variety of concepts for next generation so-
lar cells, such as devices based on intermediate bands,
hot carriers or multiple exciton generation, nanostruc-
tures like quantum wells, wires or dots provide the spe-
cific physical properties required to reach beyond cur-
rent efficiency limitations1–3. Among these nanostruc-
tures, quantum dots (QD) are of special interest due to
their largely tunable optoelectronic characteristics, and
regimented QD structures thus represent promising can-
didates for the implementation of novel high efficiency
solar cell concepts4–9.
However, to enable exploitation of the design degrees
of freedom provided, the complex relation between struc-
tural configuration parameters and device characteris-
tics requires thorough investigation. In conventional
detailed-balance modeling approaches, this connection is
provided only indirectly via the local variation of macro-
scopic bulk material parameters such as absorption co-
efficient, mobility and lifetime of charge carriers10–12.
For a direct, consistent and comprehensive assessment
of configuration-related photovoltaic performance, both
inter-band dynamics and transport of charge carriers
need to be described in a unified microscopic picture, like
the one provided by the non-equilibrium Green’s function
(NEGF) formalism13. Since a fully microscopic treat-
ment of extended systems of coupled QD comes with a
huge computational cost, application of multi-scale ap-
proaches is required, such as the mesoscopic QD orbital
tight-binding model introduced in Ref. 14.
Here, this model is used in a simplified version, with
restriction to a single basis orbital per band, phenomeno-
logical nearest-neighbor hopping parameters and flat
band conditions. These simplifications assure maximum
a)Electronic mail: u.aeberhard@fz-juelich.de
FIG. 1. (color online) Schematic band diagram and phe-
nomenological parameters characterizing the selectively con-
tacted QD array. Isolated QD states at energies εc,v are
connected through inter-dot coupling terms tc,v. To enable
photocarrier extraction and injection of dark current under
applied bias voltage Vbias, the QD states are connected to
contacts via coupling elements VB . The carrier selectivity of
the contacts, i.e., VcL = VvR = 0, is required for photocurrent
rectification at flat band conditions in the absence of a doping
induced junction. While left and right contacts are assumed
to be equilibrated with charge carrier populations character-
ized by chemical potentials µL and µR = µL + Vbias, respec-
tively, the carrier population inside the absorber emerges en-
tirely from the quantum-statistical formalism applied.
transparency in the analysis of the photovoltaic mecha-
nisms in the QD arrays considered and allow for direct
comparison with the conventionally used periodic picture
of an infinite QD chain. In this way, clear relations can
be established between the radiative limit of photovoltaic
device performance and configuration dependent proper-
ties such as the finite system size in terms of a limited
number of QD layers, the coupling between QDs, and the
presence and nature of contacts.
ar
X
iv
:1
41
1.
40
19
v2
  [
co
nd
-m
at.
me
s-h
all
]  
10
 A
ug
 20
15
2The article is organized as follows. In Sec. II, the
model for the electronic structure and the dynamics of
charge carriers in selectively contacted quantum dot ar-
rays under illumination is discussed in detail. The focus
is on properties relevant for photovoltaic device opera-
tion, such as absorption cross section, emission spectra,
and carrier extraction efficiency. In Sec. III, the numeri-
cal implementation of the model is evaluated for a range
of inter-dot and dot-contact coupling values for both long
and short charge carrier lifetimes. The results are briefly
summarized in a last section.
II. MODEL
A. Hamiltonian and NEGF equations
The phenomenological Hamiltonian for the device
sketched in Fig. 1 reads (b ∈ {c, v}):
Hˆb0 =
NQD−1∑
i=1
tb,ii+1
[
dˆ†b,i+1dˆb,i + h.c.
]
+
NQD∑
i=1
εb,inˆb,i (1)
≡
NQD∑
i,j=1
Hb0,ij dˆ
†
b,idˆb,j , (2)
where NQD is the number of dots, tb is the inter-dot cou-
pling, nˆb ≡ dˆ†bdˆb is the carrier density operator and εb
is the QD energy level. The phenomenological parame-
ters can, in principle, be determined from a microscopic
theory of the QD states for a given nanostructure con-
figuration, e.g., via QD Wannier functions15, but this is
beyond the scope of the present paper. Here, we will con-
centrate on the impact of the magnitude of these parame-
ters on the optoelectronic properties that are relevant for
the photovoltaic performance. An estimate for a realis-
tic range of inter-dot coupling strengths can be obtained,
e.g., from the coefficients of a cosine Fourier expansion
of the dispersion relation for superlattice Bloch states16.
The Hamiltonian in (1) is used in the equations for the
steady state charge carrier NEGF, which read for a given
band and energy E:
GR(E) =
[{
GR0 (E)
}−1 −ΣRI(E)−ΣRB(E)]−1 , (3)
G≶(E) = GR(E)
[
Σ≶I(E) + Σ≶B(E)
]
GA(E), (4)
where
GR0 (E) = [(E + iη)1−H0]−1 , GA = [GR]† (5)
and G ≡ [Gij ] with
Gij(E) =
∫
dτeiEτ/~Gij(τ), τ = t
′ − t (6)
and
Gij(t, t
′) = − i
~
〈TˆC{dˆi(t)dˆ†j(t′)}〉 (7)
is the ensemble average ordered on the Keldysh
contour17.
The self-energy (SE) terms Σ·B encode the hybridiza-
tion of QD and contact states, enabling the description of
charge carrier extraction and injection at the electrodes:
ΣRBij (E) =δij
[
∆B(E)− i
2
ΓB(E)
]
, (8)
Σ
≶B
ij (E) =i
[
f(E − µB)− 1
2
± 1
2
]
δijΓ(E), (9)
where B ∈ {L,R}, f is the Fermi-Dirac distribution
function and µB is the chemical potential of the con-
tact considered. The real part ∆B describes the ener-
getic shift of the electronic states due to coupling to the
electrodes, and the broadening function ΓB is related to
the coupling parameter VB and to the local density of
states (LDOS) ρB of the electrode contact layer through
ΓB(E) = 2piV
2
BρB(E). In this work, the semi-infinite
1D tight-binding chain description of a finite band-width
electrode is used18, with:
∆B(E) =
Γ0
2
×
{
x, |x| ≤ 1(
x− sgn(x)√x2 − 1), |x| > 1
(10)
ΓB(E) =Γ0θ(1− |x|)
√
1− x2, (11)
Γ0 =2V
2
B/|tB |, x = (E − εB)/(2|tB |), (12)
where εB is the on-site energy and tB the hopping ele-
ment of the electrode material. In order to enable ef-
ficient charge carrier injection and extraction, overlap
of electrode and QD DOS demands ε′B ≡ εB − 2|tB | <
εb − 2|tb| (electron case).
For the numerical example we chose {εv, εc} =
{−0.7, 0.6} eV, similar to the values obtained for the
lowest states of PbSe colloidal QDs of ∼ 3 nm diam-
eter using k · p band structure calculations19–21. The
determination of the magnitude of the coupling con-
stant VB usually requires a full microscopic treatment
of the contact region. An estimate of the relevant range
of coupling values can be obtained from the compari-
son of the LDOS and density from full solution of the
Schro¨dinger equation in this region with the same quanti-
ties as obtained by the phenomenological approach above
for different values of VB . In order to achieve the car-
rier selectivity required for charge separation and cur-
rent rectification in the absence of a built-in potential,
the contact couplings are set to zero at the minority car-
rier boundaries, which are chosen at the left electrode
for electrons and at the right electrode for holes, i.e.,
VcL = VvR = 0 (see also Fig. 1). For the electrode
states, {εvL, εcR} = {−0.6, 0.5} and |tB | = ~2/(2m∗B∆2)
for B ∈ {vL, cR}, with m∗B = 0.25 m0 and ∆ = 2.7 A˚ are
used.
3FIG. 2. (color online) Local (left) and total (right) density of
electron and hole states for a selectively contacted 20 QD ar-
ray with VcR = VvL = 0.1 eV, tc = −0.03 eV and tv = −0.02
eV. At the closed contacts, the band width approaches the in-
finite single orbital tight-binding chain value of 4|tb|, b = c, v
(dotted lines). On the contrary, at the open contacts, hy-
bridization with contact states induces a pronounced widen-
ing of the bands and a shift of the band edge towards the
electrode edges at ε′cR = 0.5 eV and ε
′
vL = −0.6 eV, accord-
ing to the local density of contact states at the surface of the
semi-infinite electrode (dashed lines).
B. Density of states
At this level, the formalism provides the electronic
structure of the non-interacting system under arbitrary
non-equilibrium conditions, e.g., via the local density of
charge carrier states ρi(E) = − 1pi=mGRii(E), where i la-
bels the dot position. Figure 2 displays the LDOS for
an array of 20 coupled QDs, together with the total DOS
obtained from summing the individual QD contributions.
In contrast to standard simulations of QD-based solar
cells, where extended QD superlattices are modeled using
periodic boundary conditions22,23, discrete states can still
be distinguished in the total DOS. On the other hand,
the main effect of the presence of a contact is the broad-
ening and shifting of the LDOS according to the electrode
DOS (dashed lines), especially in the vicinity of the elec-
trode, where the band width is strongly increased from
the limiting value of ∼ 4|tb| (b = c, v) of the infinite sin-
gle orbital tight-binding (TB) chain (dotted horizontal
lines). This limiting value is nearly recovered in arrays
with as few as 20 QDs. The energy integration of the
total DOS yields NQD, in agreement with the associated
sum rule. The effects of finite system size persist up to
a large number of QDs, as can be verified in Fig. 3 dis-
playing the convergence of the average electron DOS per
QD with increasing number of QDs towards the infinite
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FIG. 3. (color online) Convergence of the average density of
electronic states per QD to the infinite 1D TB chain limit with
increasing number of QDs between the contacts, assuming
symmetric contact coupling VcL = VcR = 0.1 eV, tc = −0.03
eV and a homogeneous broadening ηc = 0.5 meV.
1D TB chain limit given by
ρ¯c,∞(E) =
2pi|tc|
√
1−
(
E + iηc − εc
2|tc|
)2−1 , (13)
for which a homogeneous broadening of ηc = 0.5 meV
was assumed. Thus, while the band width of the finite
system is almost identical to that of the infinite chain, the
spectral distribution of the DOS differs considerably even
for moderate QD numbers, from clearly distinguishable
contributions of individual dots to a smooth continuum.
The SE terms Σ·I include the interactions relevant for
the photovoltaic device operation, i.e., coupling to pho-
tons, phonons and to other charge carriers (not consid-
ered in this work). Since photovoltaic devices are op-
erated at or above room temperature, thermal broad-
ening is considered via the physical line-shape provided
by quasi-elastic coupling to phonons. Indeed, at the co-
herent limit, the weak inter-dot and dot-contact coupling
and resulting strong localization of charge carriers on the
QDs would lead to extremely sharp resonances in the
spectral quantities, exhibiting line widths far below the
thermal energy at room temperature. For the compu-
tation of static spectral quantities such as the electronic
density of states, a homogeneous broadening can be intro-
duced via the damping parameter η. However, this is not
a valid approach for transport simulations, as it violates
current conservation24. Therefore, for the evaluation of
transport properties, broadening induced by scattering
of charge carriers and optical phonons is considered on
the level of the current conserving self-consistent Born
approximation for the coupling of interacting fermions
4100
101
102
103
104
105
106
107
 0.52  0.56  0.6  0.64  0.68
de
ns
ity
 o
f s
ta
te
s/Q
D 
(1/
eV
)
energy E (eV)
coh
hom
phon
101
102
103
 0.59  0.6
D
O
S/
QD
 (1
/eV
)
energy E (eV)
FIG. 4. (color online) Site-integrated density of electron
states for a 20 QD array (VcL = VcR = 0.1 eV, tc = −0.03
eV) with coupling induced broadening only (”coh”), constant
homogeneous broadening η = 0.5 meV (”hom”) and for quasi-
elastic coupling to optical phonons of energy ~Ω = 0.2 meV
(”phon”).
to a non-interacting phonon bath25. Since at this stage,
no real phonon modes are considered, a constant effective
coupling matrix element |M¯ph|2 ≈ 1 meV diagonal in the
electronic indices and a phonon frequency ~Ω ≈ 0.2−0.5
meV is assumed, which provides a quasi-elastic scatter-
ing resulting in a local inhomogeneous broadening. The
corresponding self-energies have the form:
Σ≶(E) = |M¯ph|2
[
NphG
≶(E ∓ ~Ω)
+ (Nph + 1)G
≶(E ± ~Ω)
]
, (14)
ΣR(E) = |M¯ph|2
[
(Nph + 1)G
R(E − ~Ω)
+NphG
R(E + ~Ω)
+
1
2
{
G<(E + ~Ω)−G<(E − ~Ω)}],
(15)
where the phonon mode occupation number is given
by the Bose-Einstein function Nph = (e
~Ω/kBT − 1)−1.
Fig. 4 displays the integrated density of states for differ-
ent broadening mechanisms, i.e., for broadening induced
by inter-dot and dot contact coupling only (”coh”), for
homogeneous broadening with η = 0.5 meV (”hom”) and
for quasi-elastic coupling to optical phonons of energy
~Ω = 0.2 meV (”phon”).
C. Absorption and photocurrent generation
In the coupling of charge carriers to electromagnetic
fields, stimulated and spontaneous processes need to be
distinguished. Photogeneration and stimulated emission
induced by incident radiation is described via the self-
energy for the interaction with a classical field with vector
potential A:26
Σ
eγ−st,≶
ij,η (E, ~ω) =Meγ,ηi Meγ,ηj
{
G
≶
ij(E − ~ω)
+G
≶
ij(E + ~ω)
}
Aη(Ri, ~ω)Aη(Rj , ~ω), (16)
Σeγ−st,R ≈ 1
2
(
Σeγ−st,> −Σeγ−st,<
)
, (17)
with ~ω the photon energy, η ∈ {x, y, z} the polar-
ization component and the coupling matrix elements
Meγ,ηi ≡ −
(
e
m0
)
pηcv(Ri), where pcv is the inter-band
momentum matrix element and Ri the QD position.
For electrons, the first term in curly brackets provides
the generation, while the second term yields the stimu-
lated emission. The attenuation of the EM field relates
to the absorption cross section (AC) A of the QD ar-
ray via the absorption coefficient α(~ω) = ρQDA(~ω),
where ρQD is the QD density. For a single QD array
or a very dilute QD system, the attenuation of the in-
cident field can be neglected. The AC itself is com-
puted based on the electronic structure from the net
spectral absorption rate and the incident photon flux via
Aη(~ω) ≡ Rηabs,net(~ω)/Φγ0η(~ω), with:
Rηabs,net(~ω) =
∫
dE
2pi~
∑
i,j
[
G>ij(E)Σ
eγ−st,<
ji (E, ~ω)
−G<ij(E)Σeγ−st,>ji (E, ~ω)
]
, (18)
and Φγ0η(~ω) = 2nrc0ε0~−1ω|Aη(R0, ~ω)|2, where a
background refractive index nr is assumed, which for the
numerical evaluations is set to nr = 3.63. This yields the
following expression for the AC in terms of the photon
self-energy Π:
Aη(~ω) = c0
2nrω
∑
i,j
<e{iΠˆji,ηη(~ω)}. (19)
Expression (19) considers the net absorptance, i.e., in-
cluding stimulated emission, by the definition of Πˆ ≡
Π> −Π< from the photon SE components:
Π
≶
ij,ηη′(E) = −i~µ0Meγ,ηi Meγ,η
′
j P≶ij (E), (20)
where the electron-hole polarization function elements
are:
P≶nm(E) =
∫
dE′
2pi~
G≶nm(E
′)G≷mn(E
′ − E), (21)
and which is hence related to the spectral function ~Pˆ/2pi
of occupied electron-hole pairs (Pˆ ≡ P> − P<)27. At
5global quasi-equilibrium conditions, where the carrier
populations are fixed by global quasi-Fermi levels (QFL)
µb (b = c, v), the fluctuation-dissipation theorem pro-
vides the relations:
G
≶
b (E) = iGˆb(E)[f(E − µb)− 1/2± 1/2] (22)
where:
Gˆ ≡i (G> −G<) = i (GR −GR,†) = −2=mGR (23)
are the spectral functions of the charge carriers. Far away
from degeneracy and under low intensity excitation, band
filling effects can be neglected, and the electron-hole spec-
tral function is proportional to the Joint Density of States
(JDOS) of the system, which in turn can be written in
terms of the spectral functions of the individual charge
carriers as follows:
Jcv(E) =
∫
dE′
4pi2
tr
{
Gˆc(E
′)Gˆv(E′ − E)
}
(24)
≡
∑
i
Jcv,i(E), (25)
defining the local joint density of states (LJDOS) as:
Jcv,i(E) =
∫
dE′
4pi2
∑
k
Gˆc,ik(E
′)Gˆv,ki(E′ − E) (26)
≡
∑
k
Jcv,ik(E). (27)
While the LJDOS is directly related to the local absorp-
tion coefficient, the last expression defines the contribu-
tions to the (L)JDOS according to non-locality, i.e., ac-
cording to the extent of spatially off-diagonal elements of
the carrier Green’s functions considered in (27). Fig. 5
shows the evolution of the JDOS with increasing degree
of non-locality: while - remarkably - the sum rule is ob-
served in all cases, the JDOS deviates strongly from the
full result for restricted non-locality, as observed previ-
ously for other nano-systems28,29. As for the DOS, the
JDOS converges with increasing number of QDs to that
of the infinite tight-binding chain for two coupled single
orbital bands. This is displayed in the inset of Figure 5,
where the JDOS provided by the NEGF formalism for
a system of 300 coupled and selectively contacted QD
(open circles) is shown together with the result for the
infinite 1D TB chain (solid line), which in complete anal-
ogy to (13) reads
Jcv,∞(E) =
2pitcv
√
1−
(
E + iηcv − εcv
2tcv
)2−1 (28)
where tcv = |tc|+ |tv|, εcv = εc − εv and ηcv = ηc + ηv.
The spectral response (SR) S of the system is defined
in terms of the total current Itot for a given monochro-
matic illumination at photon energy Eγ = ~ω in the form
S(~ω) ≡ Itot(~ω)/{eΦγ0(~ω)}. (29)
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FIG. 5. (color online) Convergence of the JDOS of a 20 QD
system with increasing non-locality and to the infinite 1D TB
chain for large system size (inset).
The total charge current Itot = Ie + Ih is directly ob-
tained from the charge carrier currents as computed
within the NEGF formalism, e.g., via:
Iei =
e
~
∫
dE
pi
2<e{H0,ii+1G<i+1i(E)} (30)
for the electron current in the conduction band between
QDs at positions Ri and Ri+1
30. A similar expression
exists for the hole current Ih in the valence band in terms
of the hole NEGF component G>. The total current
can be compared to the photocurrent as given by the
absorptance and the photon flux via the spectral relation
for the generation current:
IA(~ω) = e
∑
η
Φγ0η(~ω)Aη(~ω) ≡ eRabs,net(~ω). (31)
The extraction efficiency for the photogenerated charge
carriers is then given by the ratio ηext = I
tot/IA. In
the situation displayed in Fig. 6(a), the SR equals the
absorption cross section A, which corresponds to unit
extraction efficiency ηext = 1, i.e., I
tot = IA.
D. Radiative recombination and dark current
At the radiative limit, the dark current-voltage char-
acteristics of the selectively contacted QD array solar cell
is determined by the current due to radiative recombina-
tion of charge carriers injected at the contacts. For the
description of the associated spontaneous emission pro-
cess, consideration of the photon Green’s function of the
entire system is required to include all the optical modes
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FIG. 6. (color online)(a) Absorption cross section (AC) and
Spectral Response (SR) of the 20 QD cell as obtained from
the NEGF, in comparison with the AC of the infinite 1D TB
model; (b) Spectral emission rate for the 20 QD cell at a
terminal bias voltage Vbias ≡ µR − µL = 0.6 V as derived
from the NEGF formalism (empty dots) as well as from the
Generalized Planck law using the NEGF absorption (solid
line) or the infinite 1D TB model (dotted line). The inset
shows the integrated emission rate as a function of Vbias, with
open symbols for the values given by the current expression
(30) and filled squares for the values obtained from the global
emission rate (33).
with finite coupling. Under the assumption of an opti-
cally homogeneous medium, use of the free field photon
propagator results in the SE29
Σ
eγ−sp,≶
ij (E) ≈
µ0nr
pic0
M¯eγi M¯eγj
∫ ∞
0
dE′
2pi~
E′G≶ij(E ± E′),
(32)
where M¯ are the polarization-averaged coupling ele-
ments. In terms of the photon SE, the polarization-
averaged spectral emission rate of the QD array acquires
the form
R¯em(~ω) = nrω
2pi2~c0
∑
i,j
<e{iΠ¯<ji(~ω)}, (33)
which is obtained by using Σeγ−sp in the expression for
the emission rate, in analogy to Eq. (18). For valid as-
sumption of a global quasi-equilibrium, the Kubo-Martin-
Schwinger relation between the components of the po-
larization function31,32, P<(~ω) = P>(~ω)e−β(~ω−µcv),
with β = (kBT )
−1 and µcv = µc − µv the quasi-Fermi
level splitting (QFLS), can be used in Expr. (19) and
(33) to derive the Generalized Planck law33 via the
connection:34
R¯em(~ω) = A¯(~ω) (~ω)
2n2r
pi2~3c20
{
eβ(~ω−µcv) − 1
}−1
. (34)
To obtain the QFLS, the individual QFL µc and µv
of electrons and holes in conduction and valence bands
need to be determined. They can be defined via the car-
rier density, and the spectral function (23), under the
assumption of quasi-equilibrium conditions. An energy
independent value of the QFL is extracted from the den-
sity determined via energy integration of G≶. Figure
6(b) shows the comparison of the electroluminescence
spectra as obtained from the NEGF via the above for-
malism for the 20 QD system at a terminal bias voltage
Vbias = µR − µL = 0.6 V (empty dots) with the General-
ized Planck emission for AC determined either via NEGF
for the same finite system (solid line) or for the infinite
TB chain (dotted line). The effective emission edge of
the 20 QDs cell is close to that of the infinite 1D TB
model, as expected from the convergence of the spectral
width of the JDOS seen in Fig. 6(a). The linear increase
of the QFLS with Vbias results in an exponential growth
of the emission rate, as displayed in the inset of Fig. 6(b).
E. Carrier extraction efficiency
Reduced carrier extraction efficiencies (ηext < 1) oc-
cur when the charge recombination rate reaches a level
that is comparable to the extraction rate. In the NEGF
formalism, these two competing rates are obtained from
expressions similar to Eq. (18), using the out-scattering
component of either; the self-energy of the recombina-
tion process (i.e., of the spontaneous emission (32) in the
case of the radiative limit), or the contact self-energy (9),
since the total current equals the sum of electron and hole
terminal currents,
IB = q
∫
dE
2pi~
tr
[
Σ>B(E)G<(E)−Σ<B(E)G>(E)
]
,
(35)
where the integration is over both conduction and va-
lence bands. Since the total current is constant over the
whole device, IB = I
tot holds. The radiative and ex-
traction lifetimes τrad,ext are directly proportional to the
imaginary part of the corresponding self-energy, i.e., to
the broadening function
Γx ≡ i
(
Σ>x − Σ<x
)
= i
(
ΣRx − ΣR†x
)
, (36)
via τx = ~/Γx (x = rad, ext). Hence, sub-unit carrier
extraction efficiencies can result from either low rates of
escape into contacts or increased rates of recombination
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carrier generation (Rgen), radiative recombination (Rem) and
extraction (Itot/q), normalized to the absorption rate given
by the incident photon flux and the absorptance, for dif-
ferent regimes of operation: (a) Optical extraction only
(→ ηext = 0), i.e., photoluminescence at closed contacts
(Vc = Vv ≡ VB = 0) and a recombination lifetime τr ≈ 1
ps; (b) Unit carrier extraction at electrodes (→ ηext = 1) due
to strong dot-contact coupling VcR = VvL ≡ VB = 0.15 eV
and long recombination lifetime τr ≈ 1 s; (c) Incomplete car-
rier extraction (→ 0 < ηext < 1) for recombination lifetimes
(τr ≈ 10 ps) comparable to the escape time at finite, but low
contact coupling VcR = VvL ≡ VB = 0.02 eV. In all cases, an
inter-dot coupling of |tc/v| = 0.03/0.02 eV is used.
within the absorber. The relation between carrier recom-
bination and extraction is reflected in the evolution dur-
ing the self-consistency iteration of GF and SE of the re-
combination rate or terminal current towards the steady-
state generation rate or current, respectively. This is
shown in Fig. 7 for the two extreme cases of (a) photo-
luminescence ηext = 0), i.e., vanishing carrier extraction
due to closed contacts (Vc = Vv ≡ VB = 0), assuming a
recombination lifetime τr ≈ 1 ps35, and (b) perfect pho-
tocarrier extraction (ηext = 1) for large contact coupling
(VcR = VvL ≡ VB = 0.15 eV) and long carrier lifetime
τr = 1 s. In the intermediate case (c), smaller values of
contact coupling (VcR = VvL ≡ VB = 0.02 eV) and ra-
FIG. 8. (color online) Local density of electron states of a
right-contacted 3 QD system for varying values (a) of the con-
tact coupling VcR at fixed inter-dot coupling |tc| = 0.02 eV
and (b) of the inter-dot coupling |tc| at fixed contact coupling
VcR = 0.1 eV. The LDOS far from the contact acquires a reg-
ular form with peak multiplicity determined by the number
of QD. The spectral shape of the LDOS in the direct vicinity
of the contact exhibits the asymmetric Fano-type signatures
of the coupling of a discrete level system to the continuum of
states in the bulk electrode. The effects of the contact cou-
pling are a level broadening and a red-shift that both increase
with the coupling strength VcR. The energy separation of the
resonances, on the other hand, is directly proportional to the
inter-dot coupling |tc|.
diative lifetime (τr ≈ 10 ps) lead to an incomplete carrier
extraction (0 < ηext < 1) due to recombination losses. In
all cases, an inter-dot coupling of |tc/v| = 0.03/0.02 eV
is used, and the rates are normalized to the absorption
rate Rabs = Φ0 · A.
III. NUMERICAL RESULTS AND DISCUSSION
On the basis of this general analysis, the specific im-
pact of the dot-contact and inter-dot coupling on the den-
sity of states, spectral response and radiative recombina-
tion characteristics can now be discussed. This is first
done for the situation in which photocarrier extraction
is much faster than recombination (ηext → 1), and then
for situations where carrier extraction competes with ra-
diative recombination (ηext < 1). All the results un-
der illumination are obtained assuming a monochromatic
spectrum with Eγ = 1.3 eV at an intensity of Iγ = 10
kW/m2 and normal incidence (Aη = A0δη,x). The cor-
responding momentum matrix element is approximated
via pxcv ≈ p¯cv =
√
p2cv/3 =
√
EPm0/6, with the Kane
energy EP = 2.6 eV.
20
8FIG. 9. (color online) LDOS of a selectively contacted 20 QD array resolved on the individual dot sites and displayed for
different values of the contact coupling VcR = 0.05/0.15/0.3 eV, at a fixed inter-dot coupling of |tc| = 0.03 eV. While for the
weakest coupling, the DOS is almost symmetric both along the array and with respect to the central level energy at εc = 0.6
eV, the asymmetry induced to the real part of the contact self energy is already visible at intermediate coupling and results in
the formation of a bound interface state below the low energy edge of the miniband at the contact layer. In addition, there is
the broadening of the DOS increasing with coupling strength, which originates in the imaginary part of the contact self energy.
A. ηext → 1
Figure 8(a) displays the LDOS of electrons in a 3 QD
chain contacted from the right, at a fixed inter-dot cou-
pling |tc| = 0.02 eV and varying dot-contact coupling
strength. The hybridization of the discrete QDs lev-
els with the continuum of bulk electrode states intro-
duces Fano-type asymmetric features close to the con-
tact, which gradually disappear with increasing distance
from the electrode. The main effect of the presence of
this contact is the broadening of the LDOS, especially
in the vicinity of the electrode, where the band width
can be strongly increased as shown in Fig. 2. Since the
electrode self-energy exhibits a real part, the magnitude
of VcR not only affects this broadening, but also induces
a shift in the resonance peaks. As can be inferred from
Fig. 8(b), where the contact coupling is fixed at a value of
VcR = 0.1 eV, the inter-dot coupling acts on the LDOS
mainly via the direct relation to the miniband width.
These effects of the coupling parameters are retained in
larger arrays. Figure 9 shows the electronic LDOS of a 20
QD array resolved on the individual dot sites, for a fixed
inter-dot coupling |tc| = 0.03 eV and different values of
the dot-contact coupling. At weak coupling of VB = 0.05
eV, the LDOS is symmetric with respect to both the con-
tacts and the central level energy, i.e., it is not affected
by the coupling to the electrode states. For an interme-
diate coupling of VB = 0.15 eV, there are visible contact
induced effects such as broadening and a shifting of the
DOS weight towards the lower energy band edge on QD
sites in the vicinity of the contact. Finally, for strong
coupling of VB = 0.3 eV, localized surface states appear
below the lower band edge at the open contact, while the
LDOS remains almost unaffected in the vicinity of the
closed contact.
The dependence of absorption and emission character-
istics on the dot-contact and the inter-dot coupling are
displayed in Figs. 10 and 11, respectively. In Fig. 10(a),
the spread in energy of the individual dot contributions
to the absorption cross section is determined by the con-
tact induced broadening. The width of the AC, on the
other hand, is determined by the inter-dot coupling in
analogy to the DOS of the individual bands, as shown
in Fig. 10(b). It converges with increasing number of
dots to that of the single orbital TB chain (dashed lines).
Figures 11 (a) and (b) show the impact of contact and
inter-dot coupling strength on the levels of radiative dark
current generation. Up to moderate coupling strength
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FIG. 10. (color online) The absorption cross section for the
20 QD cell is presented in (a) for various values of dot-contact
couplings VcR = VvL ≡ VB at |tc/v| = 0.03/0.02 eV and in
(b) for different inter-dot coupling parameters t = |tc| = |tv|
at VcR = VvL ≡ VB = 0.05 eV (dashed lines indicate band
width of 1D TB chain).
(VB ≤ 0.2 eV), the effective gap is only marginally af-
fected by the contact coupling, and there is just a slight
increase of the dark current with stronger contact hy-
bridization due to the contact induced smearing and
renormalization (i.e., red-shifting) of the emission edge,
as displayed in Fig. 11(a). At larger VB , the surface states
modify the optical spectra, most pronouncedly that of
the emission, with considerable increase in the integrated
emission rate. On the other hand, Fig. 11(b) reveals the
exponential increase of the recombination with inter-dot
coupling strength due to the linear decrease of effective
band gap εeffcv = ε
0
cv − 2(|tc| + |tv|), i.e., the decrease of
the energy of the dominant contribution to the overall
emission process.
B. ηext < 1
In the following, the carrier lifetime is limited to a level
comparable to that of the extraction by the presence of ef-
fective charge carrier recombination processes, which can
result in sub-unit extraction efficiency, corresponding to
recombination prior to extraction. The NEGF formalism
used for the evaluation of extraction efficiency is based
on a steady state picture of carrier transport, where the
different lifetimes do not appear explicitly. However, as
outlined in Sec. II E and illustrated in Fig. 7, the time
evolution of the interacting system is mimicked by the
self-consistency iteration of carrier Green’s functions and
interaction self-energies towards the stationary state.
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FIG. 11. (color online) Spectral emission rate for the 20 QDs
at a terminal bias voltage Vbias = 0.6 V, in (a) for different
dot-contact couplings and in (b) for different inter-dot cou-
plings. The inset displays the corresponding variation of the
energy-integrated emission rate.
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FIG. 12. (color online) Convergence of the terminal current in
the NEGF self-consistency iteration for different values of con-
tact coupling VB , fixed inter-dot coupling |tc/v| = 0.03/0.02
eV and recombination lifetimes of (a) τr ≈ 100 ps, (b) τr ≈ 10
ps and (c) τr ≈ 1 ps.
10
FIG. 13. (color online) Convergence of the local current re-
solved on individual dot position and for different values of
the contact coupling VB , revealing a pronounced dependence
of photocurrent rectification on the size of the coupling, which
is related to the extraction rate as well as to reflection of pho-
togenerated charge carriers.
In Fig. 12, the convergence of the terminal current nor-
malized to the absorption rate is shown for a 20 QD sys-
tem with |tc/v| = 0.03/0.02 eV, VB ∈ [0.01, 0.15] eV36
and an effective recombination lifetime of (a) τr ≈ 100
ps, (b) τr ≈ 10 ps and (c) τr ≈ 1 ps. For large dot con-
tact coupling, unit extraction efficiency is reached after
a small number of iterations and independent of lifetime.
The smaller the lifetime, the larger the critical contact
coupling at which the system converges to a stationary
state with sub-unit extraction efficiency, and the sooner
this convergence is achieved. For a qualitative explana-
tion of this behavior, the convergence of the current is
displayed in Fig. 13 in spatial resolution. This reveals a
photocurrent rectification process whose speed depends
on the size of the dot-contact coupling: the larger the
coupling, the larger the electron ”sink” and the less re-
flection at the open contact, i.e., the smaller the nega-
tive current contributions corresponding to the fraction
of charge carriers traveling towards the ”wrong” contact.
The convergence behavior of the terminal current with
respect to varying inter-dot coupling |tc,v| ∈ [5, 50] meV
for fixed contact coupling VB = 0.05 eV and the same val-
ues for recombination lifetimes as in Fig. 12 is displayed
in Fig. 14. As compared to the effect of varying VB , the
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FIG. 14. (color online) Convergence of the terminal current
in the NEGF self-consistency iteration for different values of
inter-dot coupling |tc,v|, fixed contact coupling VB = 0.05 eV
and recombination lifetimes of (a) τr ≈ 100 ps, (b) τr ≈ 10
ps and (c) τr ≈ 1 ps.
FIG. 15. (color online) Carrier extraction efficiency for con-
figurations of inter-dot coupling |tc,v| ∈ [5, 50] meV and dot-
contact coupling VB ∈ [0.01, 0.15] eV and different recombina-
tion lifetimes. At all lifetimes, the predominant effect on the
extraction efficiency originates in the dot-contact coupling.
spread induced by varying tc,v is less pronounced, and
at a recombination lifetime of τr ≈ 100 ps, unit extrac-
tion efficiency is achieved for all values of the inter-dot
coupling considered.
Finally, the photocarrier extraction efficiency is eval-
uated for the whole configurational parameter space
{VB , |tc,v|} ∈ [10, 150] ⊗ [5, 50] meV, and the three dif-
ferent lifetimes τr ≈ 100/10/1 ps. The result is dis-
played in Fig. 15. It shows again that the dot-contact
coupling value dominates at all lifetimes. For τr ≈ 100
11
ps, sub-unit photocarrier extraction efficiency occurs only
for very weak dot-contact couplings, while at τr ≈ 1 ps,
complete extraction may only be achieved for large values
of both inter-dot and dot-contact coupling.
IV. CONCLUSIONS
In conclusion, we introduced and applied a customized
NEGF simulation framework to provide a direct relation
between the local quantum dot array configuration in
terms of system size as well as inter-dot and dot-contact
coupling strength, and the global photovoltaic device per-
formance of a finite and selectively contacted QD ar-
ray, mimicking a 1D QD solid. For long carrier lifetime
τr  100 ps and moderate contact coupling VB < 0.2 eV,
the dominant effects result from the dependence of the
joint density of states on the inter-dot coupling and the
system size in terms of spectral shape, band-width and
effective gap. At large contact coupling VB > 0.2 eV, lo-
calized surface states form and have a sizable impact on
the optical spectra. For τr < 100 ps, where the recom-
bination rates start to compete with the escape rates,
the dot-contact coupling becomes the dominant factor
for carrier extraction. At an effective carrier lifetime of 1
ps, values of contact coupling VB < 0.1 eV start to limit
carrier extraction at any inter-dot coupling strength.
The analysis, though performed here for a specific and
simplified QD system, can be extended to more com-
plex descriptions of the local electronic structure and to
any kind of disorder affecting the charge carrier transport
and, hence, the extraction efficiency.
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